Background {#Sec1}
==========

For the past two decades, the 11-item Alzheimer's Disease Assessment Scale--Cognitive subscale (ADAS-Cog 11) has been a nearly ubiquitous measure of cognition in clinical trials of putative new therapies for Alzheimer's disease (AD). However, recent use of this scale has revealed a number of limitations driven by a shift toward assessing and treating patients in earlier stages of the disease. One is the lack of sensitivity to detect change in early stages of AD, as it seems most sensitive when used in patients in the moderate stage of AD \[i.e., Mini Mental State Examination (MMSE) score of 12--18\] \[[@CR1]\]. The second relates to measuring cognitive domains known to be impaired at the early stages, such as executive function \[[@CR2]--[@CR4]\], that are not captured by ADAS-Cog 11. As a result, subjects with mild cognitive impairment (MCI) tend to score at ceiling (i.e., score of 0 for ADAS-Cog) on eight of the 11 ADAS-Cog subtest items \[[@CR5]--[@CR7]\].

In response to criticism of the ADAS-Cog's inability to measure relevant cognitive domains, Mohs et al. \[[@CR8]\] suggested the use of additional tests, such as Digit Cancellation, Delayed Word Recall and a Maze test. This has led to the creation of ADAS-Cog variants such as the ADAS-Cog 13. A second approach to improving the scale's sensitivity was to remove subtests prone to ceiling effects (i.e., ADAS-Cog 3). ADAS-Cog 3 tests solely memory, however. The ADAS-Cog 5 variant combines the ADAS-Cog 3 items with Delayed Recall and Digit Cancellation from ADAS-Cog 13. This tactic could improve detection of cognitive decline over time because it measures more relevant domains impacted in early stages of the disease than the ADAS-Cog 3. However, the sensitivities of these new variants to detect change over time have not been compared in patients with early AD.

In this study, we employed data from the Alzheimer's Disease Neuroimaging Initiative (ADNI) database to address this issue, as described in the Methods section. Our aim was to evaluate which of the four variants (ADAS-Cog 3, ADAS-Cog 5, the original ADAS-Cog 11, and ADAS-Cog 13) best detects cognitive decline over time in subjects with MCI or mild AD. We hypothesised that the 'tailored' ADAS-Cog 5 variant would provide the best means of assessing decline in the subjects with early AD compared with the other variants. It should be noted that our goal was not to validate a new instrument. In addition, as enrichment should help to identify subjects with MCI with AD pathology \[[@CR9]--[@CR11]\], we evaluated whether it helps to improve the sensitivity of the ADAS-Cog variants to detect decline over time.

Methods {#Sec2}
=======

Data source[1](#Fn1){ref-type="fn"} {#Sec3}
-----------------------------------

*Data used in the preparation of this article were obtained from the Alzheimer's Disease Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). The ADNI was launched in 2003 by the National Institute on Aging (NIA), the National Institute of Biomedical Imaging and Bioengineering (NIBIB), the Food and Drug Administration (FDA), private pharmaceutical companies and non-profit organizations, as a \$60 million, 5-year public private partnership. The primary goal of ADNI has been to test whether serial magnetic resonance imaging (MRI), positron emission tomography (PET), other biological markers, and clinical and neuropsychological assessment can be combined to measure the progression of mild cognitive impairment (MCI) and early Alzheimer's disease (AD). Determination of sensitive and specific markers of very early AD progression is intended to aid researchers and clinicians to develop new treatments and monitor their effectiveness, as well as lessen the time and cost of clinical trials.*

*The Principal Investigator of this initiative is Michael W. Weiner, MD, VA Medical Center and University of California--San Francisco. ADNI is the result of efforts of many coinvestigators from a broad range of academic institutions and private corporations, and subjects have been recruited from over 50 sites across the U.S. and Canada. The initial goal of ADNI was to recruit 800 subjects but ADNI has been followed by ADNI-GO and ADNI-2.*

*To date these three protocols have recruited over 1500 adults, ages 55 to 90, to participate in the research, consisting of cognitively normal older individuals, people with early or late MCI, and people with early AD. The follow up duration of each group is specified in the protocols for ADNI-1, ADNI-2 and ADNI-GO. Subjects originally recruited for ADNI-1 and ADNI-GO had the option to be followed in ADNI-2. For up-to-date information, see*[*www.adni-info.org*](http://www.adni-info.org/)*.*

Trial registration details {#Sec4}
--------------------------

The trial is registered at ClinicalTrials.gov under trial registration numbers NCT00106899 (date of registration 31 March 2005), NCT01231971 (date of registration 27 October 2010) and NCT01078636 (date of registration 1 March 2010).

Data from ADNI 1, ADNI Grand Opportunities (ADNI GO) and ADNI 2 were downloaded on 30 September 2014. Subjects with available ADAS-Cog 13 data (i.e., comprising ADAS-Cog 11 items plus Delayed Word Recall and Digit Cancellation) and with available baseline cerebrospinal fluid (CSF) biomarkers, both amyloid-β (Aβ) and total Tau (t-Tau), were included in the main analysis of subjects with mild AD or MCI.

Due to the variable amount of available data at later time points, our focus was on subjects with change from baseline to 12 months in mild AD and to 24 months in MCI. Data beyond 12 months for mild AD and beyond 24 months for MCI were considered for data description over time.

Ethics, consent and permissions {#Sec5}
-------------------------------

The ADNI study was approved individually by the institutional review boards of all the participating institutions. Written informed consent was obtained from all participants at each site. Please see the Acknowledgements section for a list of institutional review boards that approved the study.

Study participants {#Sec6}
------------------

The general inclusion and exclusion criteria for the ADNI study and the screening procedures were described by Petersen et al. \[[@CR12]\]. The original subject cohorts included age-matched cognitively healthy subjects, subjects with MCI and subjects with mild AD dementia. The subjects with MCI had MMSE scores of 24--30 and a Clinical Dementia Rating (CDR) global score of 0.5 with a mandatory requirement of the memory box score being 0.5 or greater. The subjects with MCI had to be largely intact with regard to functional performance and could not qualify for the diagnosis of dementia \[[@CR13]\]. The subjects with mild AD had MMSE scores of 20--26, a CDR score 0.5 or 1 and met the National Institute of Neurological and Communicative Disorders and Stroke/Alzheimer's Disease and Related Disorders Association criteria for probable AD \[[@CR14]\]. Subjects with MCI and subjects with mild AD were also required to meet criteria for memory impairment on the Wechsler Memory Scale--Revised Logical Memory II subscale \[[@CR12]\].

Populations in the statistical assessment {#Sec7}
-----------------------------------------

The 'MCI set' comprised subjects with MCI with available ADAS-Cog 13 at baseline and 24 months as well as available baseline Aβ and t-Tau CSF biomarkers. The 'AD set' comprised subjects with mild AD with available ADAS-Cog 13 at baseline and 12 months as well as available baseline Aβ and t-Tau CSF biomarkers. The MCI and AD sets described above are referred to as 'non-enriched' because their clinical data were analysed regardless of their biomarker status. The 'biomarker-positive sets' ('enriched') comprised those subjects with a positive AD pathology as defined by the magnitude of selected baseline CSF biomarkers \[[@CR15]\] or with the presence of a genetic risk marker apolipoprotein E ε4 (*ApoE4*):CSF t-Tau/Aβ ratio \>0.39CSF Aβ~1--42~ \< 192 pg/mlCSF phosphorylated Tau (p-Tau) \>23 pg/mlCSF t-Tau \>93 pg/mlApoE4 risk (one or two copies of the *ApoE4* allele)

For the purposes of this article, a CSF t-Tau/Aβ ratio \>0.39 was considered to be the main enrichment strategy because, in the context of MCI, this would fulfil the recent International Working Group 2 research criteria for prodromal AD \[[@CR16]\]. These cohorts are labelled as MCI+ and AD+ in this publication.

The 'biomarker-negative' sets comprised the complementary groups that did not fulfil the baseline biomarker enrichment criteria for AD based on t-Tau/Aβ and thus were not classified as having prodromal AD. Only biomarker-negative subjects with MCI are presented (MCI−). There were very few biomarker-negative subjects with mild AD.

Statistical methods {#Sec8}
-------------------

In this study, we compared the ADAS-Cog 3 \[[@CR17]\], ADAS-Cog 13 \[[@CR8]\], the traditional ADAS-Cog 11 \[[@CR18], [@CR19]\] and the ADAS-Cog 5 variants (Additional file [1](#MOESM1){ref-type="media"}) to see which of them had the best ability to demonstrate a change in subjects with mild AD or with MCI.

Values for ADAS-Cog total scores were calculated on the basis of individual items and were recorded as missing if at least one ADAS-Cog item was not available (affecting six subjects with MCI and seven with mild AD). CSF measurements were obtained from biomarker datasets, where the latest available recorded result of the baseline sample was selected in case of duplicates.

Change from baseline was calculated for each individual. The mean change from baseline was calculated by cohort for the MCI and mild AD sets, as well as for the individual enriched sets, to describe the decline over time.

Demographics were obtained at the baseline visit and described by their mean value and standard deviation for continuous variables or by percentage for categorical variables.

Sensitivity of the ADAS-Cog variants to show a change over time was assessed using the signal-to-noise ratio (SNR). The SNR is calculated as the estimated mean change from baseline divided by the corresponding standard deviation. A positive or negative number indicates the direction of change towards increase (worsening) or reduction (improvement) from the observed ADAS-Cog score at baseline. The SNR reflects changes in the outcome relative to its variability, thereby allowing for direct comparison of different ADAS-Cog variants with respect to their sensitivity to detect a change from baseline. An increased SNR, representing a higher sensitivity, might be expected after removal of items that affect the mean change from baseline minimally (e.g., consistently scoring at the ceiling) through an anticipated decrease in variability that should be associated with a total score containing fewer individual items.

The mean change in ADAS-Cog score and the standard deviation were estimated from an analysis of covariance model correcting for baseline ADAS-Cog and MMSE scores, age, sex and *ApoE4* risk category. Variability of SNR estimates was captured using 95 % bootstrap confidence intervals based on 1000 samples for each set.

The four different ADAS-Cog variants were compared using a hypothetical patient, which was an *ApoE4*-positive 75-year-old woman with baseline MMSE and ADAS-Cog scores in line with the diagnostic group. Specifically, for subjects with MCI, the estimated baseline MMSE of 28 and ADAS-Cog 11 score of 10 were used. For subjects with mild AD, a baseline MMSE of 23 and ADAS-Cog 11 score of 18 were assumed. The baseline ADAS-Cog score for the remaining ADAS-Cog variants was estimated from a linear regression of baseline values of the respective ADAS-Cog variant vs. baseline ADAS-Cog 11.

Differences in SNR between pairs of ADAS-Cog variants were assessed by means of *p* values obtained from a paired *t* test accounting for correlated data, making use of covariance estimates obtained from the aforementioned bootstrapping samples. The reported *p* values are not corrected for multiplicity and are considered exploratory.

The analyses described above were performed on ADAS-Cog variants for the group of enriched subjects and separately for the group of non-enriched subjects.

No imputations for missing data or for discontinued subjects were performed; subjects with missing information were excluded from the analysis.

Results {#Sec9}
=======

Datasets analysed {#Sec10}
-----------------

There were 634 subjects with MCI for whom all baseline and month 24 ADAS-Cog 13 values were available. Of these, 382 (60 %) provided a CSF sample at baseline. Of the 242 subjects with mild AD for whom all baseline and month 12 ADAS-Cog 13 values were available, 97 (40 %) provided a CSF sample at baseline. The 229 subjects with MCI and 73 with mild AD who did not have ADAS-Cog 13 values at 24 or 12 months, respectively, were not included in the analyses. The number of subjects attending follow-up visits diminished over time. To maintain a sufficient number of subjects in the analyses, the focus was on change from baseline to 12 months in mild AD, while the change to 24 months was analysed for subjects diagnosed with MCI.

Baseline characteristics {#Sec11}
------------------------

The baseline characteristics in the MCI and mild AD cohorts were similar, except that subjects with mild AD were older and more cognitively impaired (Table [1](#Tab1){ref-type="table"}).Table 1Demographic and clinical data at baselineMCIMCI+MCI−Mild ADMild AD+Number of subjects (100 %)3822061769790Female (%)43 %42 %45 %45 %48 %Caucasian, *n* (%)94 %97 %90 %96 %96 %Age, yr71.97 ± 7.3972.97 ± 7.1070.80 ± 7.5675.17 ± 7.7074.85 ± 7.66Education, yr16.28 ± 2.5916.31 ± 2.6216.25 ± 2.5515.52 ± 2.6015.51 ± 2.58ApoE4 at risk,^a^ *n* (%)177 (46 %)142 (69 %)35 (20 %)67 (69 %)65 (72 %)MMSE27.85 ± 1.7527.41 ± 1.8228.37 ± 1.5223.19 ± 1.9923.14 ± 1.99CDR global0.50 ± 0.000.50 ± 0.000.50 ± 0.000.77 ± 0.280.77 ± 0.28CDR-SB1.40 ± 0.841.56 ± 0.921.21 ± 0.704.40 ± 1.714.41 ± 1.65ADAS-Cog 119.50 ± 4.2910.83 ± 4.467.94 ± 3.5019.66 ± 6.3020.14 ± 6.26ADAS-Cog 38.23 ± 3.769.43 ± 3.926.82 ± 3.0215.95 ± 4.1516.28 ± 4.12ADAS-Cog 513.96 ± 6.1716.12 ± 6.2811.43 ± 4.9926.20 ± 5.3126.62 ± 5.23ADAS-Cog 1315.23 ± 6.6817.52 ± 6.8112.55 ± 5.4329.91 ± 7.4430.52 ± 7.35*Aβ* amyloid-β, *AD* Alzheimer's disease, *ADAS-Cog* Alzheimer's Disease Assessment Scale--Cognitive subscale, *ApoE4*, apolipoprotein E ε4, *CDR* Clinical Dementia Rating, *MCI* mild cognitive impairment, *MMSE* Mini Mental State Examination, SB Sum of BoxesPopulations enriched based on t- Tau/Aβ ratio are labelled as MCI+ and AD+. Data are presented as mean ± standard deviation unless indicated otherwise^a^ApoE4 status is not available for one subject in the MCI group

The 206 MCI+ (t-Tau/Aβ \>0.39) set had baseline demographic characteristics similar to those of the non-enriched set, with the exception that 69 % of MCI+ subjects were *ApoE4*-positive vs. only 20 % of MCI− subjects. The baseline MMSE and CDR scores were also similar between the groups. The MCI+ set, however, was more impaired on those ADAS-Cog variants which include the additional measures of Delayed Word Recall and Digit Cancellation (e.g., ADAS-Cog 13 and the 'tailored' ADAS-Cog 5). The data in mild AD and mild AD+ sets are almost identical, as the majority of subjects with mild AD enrolled in ADNI studies had positive AD pathology at baseline (\>90 %).

Performance of ADAS-Cog variants in MCI and mild AD populations with and without enrichment {#Sec12}
-------------------------------------------------------------------------------------------

As expected, the magnitude of the absolute change on ADAS-Cog in mild AD is larger than that in MCI. As shown in Table [2](#Tab2){ref-type="table"}, there was practically no decline in mean ADAS-Cog 11 score in subjects with MCI (worsening of 0.9 on a 70-point scale over 24 months and 1.9 points over 36 months). The change from baseline was modest in patients with mild AD (worsening of 3.5 points over 12 months and of 8.3 points over 24 months) (Additional file [2](#MOESM2){ref-type="media"}). This was also reflected on the MMSE (Additional file [3](#MOESM3){ref-type="media"}).Table 2ADAS-Cog 11 scores at each visit and change from baseline for MCI patientsMCI (non-enriched)MCI+ (enriched)MCI− ('biomarker-negative')Number of subjectsADAS-Cog 11CFBNumber of subjectsADAS-Cog 11CFBNumber of subjectsADAS-Cog 11CFBBaseline/screen3829.5 ± 4.2920610.83 ± 4.461767.94 ± 3.49Month 63769.6 ± 4.750.0 ± 3.4020411.16 ± 4.820.3 ± 3.611727.70 ± 3.91−0.31 ± 3.10Month 123809.3 ± 5.23−0.2 ± 3.6820611.08 ± 5.540.3 ± 4.061747.27 ± 3.95−0.68 ± 3.10Month 2438210.4 ± 6.400.9 ± 4.4520612.74 ± 6.871.9 ± 4.921767.70 ± 4.48−0.24 ± 3.51Month 3616910.8 ± 7.061.9 ± 5.458913.83 ± 7.863.7 ± 6.21807.40 ± 3.90−0.26 ± 3.41*ADAS-Cog* Alzheimer's Disease Assessment Scale--Cognitive subscale, *CFB* change from baseline, *MCI* mild cognitive impairmentIncreased score on ADAS-Cog 11 (maximum total score 70) indicates cognitive worsening. Data are presented as mean ± SD

On ADAS-Cog 11, enrichment minimally increased the decline in subjects with MCI over 24 months (Table [2](#Tab2){ref-type="table"}). Even after 36 months in MCI+ subjects, the decline on ADAS-Cog 11 was less than 4 points. As shown in Table [3](#Tab3){ref-type="table"}, there was a minimal decline over 24 months and a minimal impact of enrichment on the other ADAS-Cog variants (3-, 5- and 13-item) in subjects with MCI. As expected, there was no change in any of the ADAS-Cog variants in the subjects with MCI without AD pathology (MCI−) up to 36 months.Table 3ADAS-Cog scores and change from baseline up to 36 months for patients with MCIADAS-Cog 3ADAS-Cog 5ADAS-Cog 13Number of subjectsScoreCFBNumber of subjectsScoreCFBNumber of subjectsScoreCFBMCI (non-enriched) Baseline/screen3828.23 ± 3.7638213.96 ± 6.1738215.23 ± 6.68 Month 63768.30 ± 4.140.01 ± 2.9937514.00 ± 6.68−0.07 ± 4.0137515.28 ± 7.25−0.07 ± 4.37 Month 123818.09 ± 4.42−0.15 ± 3.0938013.72 ± 7.09−0.23 ± 3.9537914.97 ± 7.83−0.24 ± 4.49 Month 243828.94 ± 5.230.71 ± 3.5638215.09 ± 8.301.13 ± 4.8738216.57 ± 9.411.34 ± 5.68 Month 361699.02 ± 5.341.23 ± 4.0016815.11 ± 8.581.95 ± 5.5816816.89 ± 10.182.59 ± 6.89MCI+ (enriched) Baseline/screen2069.43 ± 3.9220616.12 ± 6.2820617.52 ± 6.81 Month 62049.71 ± 4.280.23 ± 3.1720316.38 ± 6.750.14 ± 4.1820317.84 ± 7.220.19 ± 4.56 Month 122069.57 ± 4.630.14 ± 3.4320516.24 ± 7.210.16 ± 4.1020517.75 ± 8.010.28 ± 4.69 Month 2420610.91 ± 5.421.48 ± 3.7820618.32 ± 8.492.21 ± 5.2020620.15 ± 9.852.63 ± 6.24 Month 368911.37 ± 5.722.55 ± 4.408918.96 ± 9.003.82 ± 6.038921.42 ± 11.015.02 ± 7.60MCI− (biomarker − negative) Baseline/screen1766.82 ± 3.0217617.52 ± 6.8117612.55 ± 5.43 Month 61726.62 ± 3.25−0.24 ± 2.7517217.84 ± 7.22−0.31 ± 3.7917212.26 ± 6.03−0.38 ± 4.12 Month 121756.35 ± 3.45−0.50 ± 2.6917517.75 ± 8.01−0.68 ± 3.7317411.69 ± 6.20−0.85 ± 4.18 Month 241766.63 ± 3.88−0.19 ± 3.0617620.15 ± 9.85−0.11 ± 4.1217612.37 ± 6.80−0.18 ± 4.51 Month 36806.40 ± 3.35−0.25 ± 2.887921.42 ± 11.01−0.16 ± 4.157911.78 ± 5.95−0.15 ± 4.69*ADAS-Cog* Alzheimer's Disease Assessment Scale--Cognitive subscale, *CFB* change from baseline, *MCI* mild cognitive impairmentData are presented as mean ± standard deviation. Increased score on ADAS-Cog indicates cognitive worsening

Changes over time on other ADAS-Cog variants were modest (4.35 points over 12 months on ADAS-Cog 13) in subjects with mild AD (Table [4](#Tab4){ref-type="table"}). Even though the number of subjects with mild AD attending a visit at 24 months was low, there was a trend toward a larger decline over 24 months with almost a 10-point decline on ADAS-Cog 13.Table 4ADAS-Cog score and change from baseline up to 24 months for subjects with mild ADADAS-Cog 3ADAS-Cog 5ADAS-Cog 13Number of subjectsScoreCFBNumber of subjectsScoreCFBNumber of subjectsScoreCFBMild AD (non-enriched) Baseline/screen9715.95 ± 4.159726.20 ± 5.319729.91 ± 7.44 Month 69516.95 ± 4.831.10 ± 3.859527.62 ± 6.251.52 ± 4.329531.86 ± 8.512.10 ± 4.79 Month 129717.77 ± 5.291.82 ± 3.919728.84 ± 6.752.64 ± 4.399734.26 ± 10.434.35 ± 5.89 Month 244018.68 ± 5.823.81 ± 5.124030.27 ± 7.205.48 ± 6.133837.17 ± 12.389.46 ± 9.15Mild AD+ (enriched) Baseline/screen9016.24 ± 4.129026.62 ± 5.239030.52 ± 7.35 Month 68817.17 ± 4.891.03 ± 3.928827.92 ± 6.321.41 ± 4.378832.36 ± 8.581.99 ± 4.84 Month 129018.19 ± 5.171.96 ± 3.989029.42 ± 6.592.80 ± 4.469035.08 ± 10.344.57 ± 6.03 Month 243719.15 ± 5.774.06 ± 5.233530.79 ± 7.185.63 ± 6.343537.99 ± 12.519.77 ± 9.40*AD* Alzheimer's disease, *ADAS-Cog* Alzheimer's Disease Assessment Scale--Cognitive subscale, *CFB* change from baselineData are presented as mean ± standard deviation. Increased score on ADAS-Cog indicates cognitive worsening

As the majority of subjects with mild AD had positive AD pathology at baseline (\>90 %), no benefit of enrichment could be detected with respect to the increased magnitude of change over time (Additional file [2](#MOESM2){ref-type="media"}). Analysis of the contribution of individual items showed that Word Recall (Q1), Delayed Word Recall (Q4) and Word Recognition (Q8) largely contributed to the overall ADAS-Cog score (Fig. [1](#Fig1){ref-type="fig"}). Delayed Word Recall was impaired early and contributed largely to the overall score of the ADAS-Cog variants containing this item (i.e., the 13- and 5-item variants). Thus, somewhat counterintuitively, the score of the ADAS-Cog 5 exceeded that of the ADAS-Cog 11, presumably due to the contribution of Delayed Word Recall.Fig. 1Relative percentage contribution of individual items to total Alzheimer's Disease Assessment Scale--Cognitive subscale (ADAS-Cog) score at baseline for mild cognitive impairment population. **a** ADAS-Cog 3. **b** ADAS-Cog 5. **c**. ADAS-Cog 11. **d** ADAS-Cog 13

Comparison of ADAS-Cog variants in MCI and mild AD populations with and without enrichment using SNR {#Sec13}
----------------------------------------------------------------------------------------------------

To account for differences in possible maximum range and the variability in change from baseline, and hence to allow for cross-comparison of the various ADAS-Cog variants, SNRs were estimated on the basis of an analysis of covariance approach, correcting for baseline age, baseline MMSE, sex and *ApoE4* risk status. Specific comparisons of estimated SNRs across ADAS-Cog variants were made for a hypothetical patient as described in the Methods section. Table [5](#Tab5){ref-type="table"} shows the estimated SNRs for subjects with MCI, jointly presented with the corresponding bootstrap 95 % confidence intervals. Similarly, Table [6](#Tab6){ref-type="table"} shows results for subjects diagnosed with mild AD.Table 5Signal-to-noise ratio for change in ADAS-Cog variants over 24 months in MCI cohortsADAS-Cog 3ADAS-Cog 5ADAS-Cog 11ADAS-Cog 13SNR95 % CISNR95 % CISNR95 % CISNR95 % CIMCI0.420.20--0.610.420.19--0.630.370.15--0.570.390.16--0.60t-Tau/Aβ0.430.15--0.690.450.16--0.730.390.11--0.650.420.12--0.69Aβ0.470.22--0.700.470.21--0.700.410.17--0.640.440.19--0.67ApoE4+0.530.24--0.820.610.33--0.880.530.26--0.780.600.33--0.86t-Tau0.450.14--0.750.520.18--0.840.390.09--0.660.450.14--0.77p-Tau0.430.19--0.650.430.17--0.660.370.12--0.610.390.14--0.63*Aβ* amyloid β, *ADAS-Cog* Alzheimer's Disease Assessment Scale--Cognitive subscale, *ApoE4* apolipoprotein E ε4, *CI* confidence interval, *MCI* mild cognitive impairment, *MMSE* Mini Mental State Examination, *SNR* signal-to-noise ratioSNR estimates corrected for covariates, reported for an ApoE4-positive 75-year-old woman, baseline ADAS-Cog 11 of 10, baseline MMSE of 28. CIs were obtained via bootstrappingTable 6Signal-to-noise ratio for change in ADAS-Cog variants over 12 months in mild AD cohortsADAS-Cog 3ADAS-Cog 5ADAS-Cog 11ADAS-Cog 13SNR95 % CISNR95 % CISNR95 % CISNR95 % CIMild AD0.810.43--1.090.930.52--1.220.870.46--1.130.980.58--1.26t-Tau/Aβ0.830.41--1.100.950.53--1.230.860.46--1.120.960.55--1.24Aβ0.860.45--1.140.980.52--1.270.880.46--1.140.990.56--1.26ApoE+0.870.37--1.201.010.50--1.351.050.56--1.361.160.66--1.50t-Tau0.890.38--1.211.130.55--1.460.860.39--1.161.040.49--1.35p-Tau0.820.42--1.100.960.50--1.240.870.46--1.160.990.58--1.27*Aβ* amyloid β; *AD* Alzheimer's disease, *ADAS-Cog* Alzheimer's Disease Assessment Scale--Cognitive subscale, *CI* confidence interval, *MMSE* Mini Mental State Examination, *SNR* signal-to-noise ratioSNR estimates corrected for covariates, reported for an ApoE4-positive 75-year-old woman, baseline score corresponding to ADAS-Cog 11 of 18, baseline MMSE score of 23. CIs were obtained via bootstrapping

Higher SNR values reflect increased sensitivity to detect a change. In subjects with MCI, SNRs based on estimated change from baseline to 24 months ranged between 0.37 and 0.61 (Table [5](#Tab5){ref-type="table"}). The numerically largest SNRs were seen for the enriched set with *ApoE4* across all variants, and when we compared across subject sets, for the ADAS-Cog 5. However, the 95 % confidence intervals were broad (e.g., 0.33--0.88 for ADAS-Cog 5 on *ApoE4+* set) and almost identical to ADAS-Cog 13 and thus did not suggest that SNRs differed substantially among the variants. Overall, estimated SNRs were relatively similar, when looking at both different variants and different enrichment strategies (Fig. [2](#Fig2){ref-type="fig"}). A more formal comparison based on paired *t* tests was done (Additional file [4](#MOESM4){ref-type="media"}).Fig. 2Signal-to-noise ratios (SNRs) for reference patients with mild cognitive impairment (MCI) and subjects with mild Alzheimer's disease (AD). SNRs were corrected for change from baseline (CFB) for reference patients with **a** MCI at 24 months and **b** mild AD at 12 months. *Shaded area* represents bootstrap 95 % confidence intervals (CIs) of SNR for 11-item Alzheimer's Disease Assessment Scale--Cognitive subscale (ADAS-Cog11) for each enrichment group. Bounds of CIs are connected solely for display purposes. *Abeta* amyloid-β, *ApoE4* apolipoprotein E ε4, *CSF* cerebrospinal fluid, *p-Tau* phosphorylated Tau, *t-Tau* total Tau, *MMSE* Mini Mental State Examination

For subjects with mild AD at the 12-month time point, the estimated SNR values ranged from 0.81 to 1.16 (Table [6](#Tab6){ref-type="table"}). Similarly to MCI, the numerically highest SNRs were seen for the *ApoE4*-enriched set across all variants. Across all subject sets, the highest SNRs were seen for both the 5-item and 13-item variants. The highest SNR (1.16) was observed in the *ApoE4*-enriched set on ADAS-Cog 13. The 95 % confidence intervals were also broad and overlapping in mild AD.

SNRs are graphically displayed in Fig. [2](#Fig2){ref-type="fig"}. SNRs in mild AD (Fig. [2](#Fig2){ref-type="fig"}, *right panel*) were larger than in subjects with MCI (Fig. [2](#Fig2){ref-type="fig"}, *left panel*), indicating that all ADAS-Cog variants are more sensitive to detect changes in subjects with mild AD than in subjects with MCI. SNRs of the variants fall within the 95 % bootstrap confidence intervals of the ADAS-Cog 11 (Fig. [2](#Fig2){ref-type="fig"}, *shaded area*).

A more formal comparison of pairs of variants was done based on *t* statistics for the difference in SNRs. Resulting *p* values (corrected not for multiplicity, but for correlation between variants) are reported in Additional file [4](#MOESM4){ref-type="media"}: Table S4. As usual, small *p* values indicate a higher chance of a true difference between the particular variants.

Among the various MCI subsets, there is no evidence indicating a difference in SNR between any of the ADAS-Cog variants based on the available ADNI data. All *p* values were larger than 0.10 for comparisons to the original ADAS-Cog 11.

In mild AD, the strongest evidence for a difference based on *p* values (\<0.10) was found when we compared the 13- vs. 11-item and the 5- vs. 3-item variants for the t-Tau- and p-Tau-enriched sets (Additional file [4](#MOESM4){ref-type="media"}). This indicates that the difference between variants may be driven by the two additional items (Delayed Word Recall and Digit Cancellation) that are not included in the 3- and 11-item variants. When the accepted enrichment strategy of t-Tau/Aβ ratio was used, the *p* values were above 0.10.

Discussion {#Sec14}
==========

ADAS-Cog has been the standard measure of cognition in AD clinical trials \[[@CR20]\], but recently conducted trials with therapies aimed at slowing down disease progression in subjects at early stages of the disease revealed the limited sensitivity of the original ADAS-Cog 11 to detect change. Sensitivity to change may be compromised by the lack of tests to assess cognitive domains known to be impaired early in the disease, such as attention and executive functions \[[@CR4]\], which has been addressed by adding tests to the original instrument \[[@CR8]\] (e.g., the ADAS-Cog 13). A second approach to improve sensitivity of the instrument for early AD was to remove items prone to ceiling effects (e.g., ADAS-Cog 3). Data from subjects that score at ceiling inflate variance with negligible benefits in measuring change over time or treatment difference, particularly the possibility to detect improvement in cognition. The ADAS-Cog 3 extracted the items focused on memory (Word Recall, Orientation and Word Recognition) that are among the earliest manifestations of AD \[[@CR4]\] and detect impairment in subjects with MCI approximately midway between normal healthy and patients with mild AD \[[@CR6]\]. However, this approach is focused solely on a memory measure without considering other important areas of cognition affected at early stages of disease and therefore may not be optimal. The ADAS-Cog 5 combines both approaches and could theoretically be more sensitive than other variants to detect a change over time. It should be noted that our goal was not to validate a new instrument.

In the context of this study, we also sought to determine whether enrichment strategies could improve the sensitivity to change over time of these ADAS-Cog variants. Since the introduction of enrichment as part of inclusion criteria for early stages of AD in 2007 \[[@CR21]\], enrichment biomarker strategies have been used in clinical trials to include subjects with prodromal AD (also called MCI due to AD). The enrichment strategy is aimed at detecting the presence of amyloidosis in the brain as a hallmark of AD \[[@CR22], [@CR23]\], for example by using CSF biomarkers \[[@CR24]\] such as low Aβ and high Tau. As 60 % of subjects with MCI and 40 % of subjects with AD provided CSF, we used the available CSF baseline data to select enriched populations (i.e., subjects most resembling those to be recruited into clinical trials). This gave us the opportunity to also compare the performance of ADAS-Cog variants in enriched vs. non-enriched groups. For our analyses, t-Tau/Aβ ratio in the CSF was used as the primary enrichment strategy to determine populations with AD pathology (enriched). In addition, we looked at the impact of single-biomarker modalities such as Aβ alone, the marker of neurodegeneration Tau and the prominent genetic risk factor for sporadic AD, the *ApoE4* allele \[[@CR25]\]. It should be noted that these are not defined as enrichment biomarkers in the research criteria for prodromal AD \[[@CR16]\].

There is an increasing body of evidence showing that AD starts decades before the clinical symptoms become apparent \[[@CR26]\]. With new putative therapies aimed at slowing disease progression by early intervention, there is an increasing interest in identifying subjects at early stages of AD \[[@CR27]\]. Advances in the biomarker field allow us to identify subjects with AD pathology before the clinical diagnosis is made \[[@CR28]\]. It was hypothesised that using enriched populations in clinical trials reduces variability and increases the magnitude of cognitive decline over time, thus reducing the sample size necessary to detect a drug effect in clinical trials \[[@CR29]\].

We analysed cognitive decline on the four ADAS-Cog variants (3-, 5-, 11- and 13-item scales) in ADNI subjects with MCI or mild AD who provided a CSF sample at baseline. The results showed that, in the MCI population, there was a minimal decline over 24 months on all ADAS-Cog variants. The impact of enrichment was detectable but subtle. The largest decline was less than 3 points over 24 months on ADAS-Cog 13 in enriched MCI. This provides some support for use of enrichment as a tool to identify subjects who are more likely to demonstrate a cognitive decline, although, at least in the case of the MCI, the impact upon such changes measured by ADAS-Cog variants is minimal and of questionable clinical relevance to be of any practical use for clinical trials with pharmacological intervention aimed at slowing decline of disease progression.

As expected, decline in mild AD was more pronounced than in MCI but still modest. ADAS-Cog 11 scores of subjects with mild AD declined 3.5 points over 12 months in our analysis. This seems to correspond to the rate of 2.4 points over 6 months reported by Doraiswamy et al. \[[@CR1]\]. It should be noted that the rate of decline could be influenced by many factors, such as education, background medication and potentially attrition. The fact that ADNI participants were highly educated, with, on average, 15--16 years of education, has been reported previously \[[@CR12]\]. In addition, many ADNI participants, particularly those with mild AD, may be receiving symptomatic treatment \[[@CR30]\]. Even though these factors would be of interest, attempting evaluation of all these factors runs the risk that the ultimate sample size would be too small to provide any meaningful results. The impact of enrichment could not be evaluated, as over 90 % of subjects with mild AD enrolled in ADNI studies had positive AD pathology at baseline.

These results were also reflected on the MMSE scale: no worsening in the MCI set and modest worsening in the mild AD set over time. Meta-analysis of MMSE change in patients with mild to moderate AD has previously shown an annual rate of decline of 3.3 points \[[@CR31]\]. Similar rates have been reported by other groups \[[@CR32]\]. The rate of decline seen in our analysis is more modest, probably due to the relatively earlier stage of disease than in previously published studies. It should be noted, however, that the researchers in the above-mentioned studies analysed data of non-treated patients, while many ADNI participants, especially those with mild AD, were on background medication \[[@CR30]\].

The SNR reflects the ratio between mean change and variability, thus allowing direct comparison of the sensitivity of the different ADAS-Cog variants. High SNR values reflect increased sensitivity to detect a change over time, and thus the ADAS-Cog variant with the highest SNR value should theoretically lead to an optimal instrument.

In MCI, the SNRs for each ADAS-Cog variant and for each enrichment strategy were relatively similar but low. The numerically largest SNRs were seen for the ADAS-Cog 5 and *ApoE4* enrichment. However, as the 95 % confidence intervals around each of the SNRs were broad, the results did not support a meaningful difference among groups.

We confirmed that the ADAS-Cog instrument is not sensitive to detect change over time at pre-dementia stages of the disease such as MCI (as shown by small SNRs), and therefore the impact of enrichment strategies was subtle. The numerically largest SNR was seen for the enriched set according to *ApoE4* risk. *ApoE* genotype is a well-described genetic risk factor for AD associated with early deficits in episodic recall, higher rates of cognitive decline before the diagnosis of MCI or AD, and age-related memory decline earlier in life (for review, see \[[@CR33]\]). The presence of an *ApoE4* allele doubles the risk of progression from normal cognition to onset of clinical symptoms \[[@CR34]\]. In addition, the *ApoE4* allele has been associated with a faster cognitive deterioration in several, but not all, studies of patients with AD. Therefore, *ApoE4* genotype is often used as a stratification factor in clinical trials testing novel therapies and, interestingly, is being used as an enrichment strategy in the ongoing TOMMORROW trial \[[@CR35]\]. However, as the 95 % confidence interval was broad, it can be concluded that the benefit of such enrichment in MCI seems negligible for this particular instrument. We do not believe that enrichment would allow for significant reduction of the required sample size in MCI if subjects were to be tested using ADAS-Cog.

The SNRs were larger in subjects with mild AD than in subjects with MCI. Similarly to MCI, the numerically highest SNRs were generally seen for the *ApoE4*-enriched set across all variants. Interestingly, the highest SNRs were seen for both the 5-item and 13-item ADAS-Cog variants. This was supported by the *p* values with the strongest evidence for a difference seen when comparing the 11- vs. 13-item variants and the 3- vs. 5-item variants. One could speculate that the difference between variants is driven more by the two additional items (Delayed Word Recall and Digit Cancellation) than by removing the items at ceiling in early stages of AD, suggesting the increase in magnitude of the change outweighs the increase in variability.

Limitations of this analysis {#Sec15}
----------------------------

In addition to the high education level of ADNI participants \[[@CR12], [@CR36]\] discussed earlier, it is also acknowledged that the participating sites in the ADNI study are experienced. This is reflected by the observation that there is less variability in the scores and a more reliable diagnosis (\>90 % subjects with mild AD had positive AD pathology). This is contrary to recent phase III clinical trials with potential anti-amyloid therapies, which have shown that enrolling participants without evidence of amyloid deposition is common \[[@CR37]\].

In mild AD, the number of subjects attending follow-up visits beyond the first year dropped significantly and did not provide a sufficient number of subjects for meaningful analyses. Therefore, changes over time beyond 12 months need to be interpreted with caution. Per regulatory requirement, a minimum of 18 months of treatment is required in clinical trials aimed at disease modification.

It was the purpose of this investigation to analyse subjects with follow-up data. The impact of the clinical characteristics of subjects who withdrew prematurely on change over time was not evaluated, as this would have required assumptions regarding the follow-up data. Such assumptions are the subject of an ongoing scientific debate.

We recognize that the value of the ADAS-Cog variants in our dataset is being judged solely on the basis of a longitudinal change over time, regardless of the treatment status of included subjects. Therefore, the outcome may not necessarily directly translate into a variant with the highest sensitivity to detect differences between treatments.

It must also be noted that the ADAS-Cog variants analysed in this study were collected in the context of ADAS-Cog 11, so the items are likely prone to specific order effects. Moreover, the 13- and 5-item variants contained additional two items that were tested outside the original ADAS-Cog 11. The order effect, where exposure to earlier tests influences performance on later tests, is a well-known phenomenon in cognitive testing \[[@CR38]\].

Conclusions {#Sec16}
===========

Whilst the cognitive domain expansion or reduction of the ADAS-Cog is in principle a worthwhile endeavour, in practice the use of these measures has been less successful. The outcome of our analyses showed that the possible utility of these novel ADAS-Cog variants is less than compelling, particularly in MCI. The impact of enrichment on cognitive decline in MCI using the latest research criteria \[[@CR16]\] was subtle. In mild AD, adding items known to be impaired at early stages of the disease seems to provide more benefit than removing items on which subjects score close to ceiling.
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